A reliable high-performance liquid chromatography (HPLC) method coupled with photodiode array detection has been developed and validated for the determination of three major alkaloids: cepharanthine, tetrahydropalmatine and xylopinine in Stephania rotunda Lour. (Menispermaceae) collected in Cambodia. The chromatographic separation was carried out on a Symmetry C8 column (250 mm x 4.6 mm, 5 µm, Waters), with an isocratic solvent system of 25 mM potassium phosphate buffer (pH 3.5) -acetonitrile. UV detection was performed at 282 nm. Good linear behavior over the investigated concentration ranges was observed with values of r 2 >0.9964 for all the analytes. The method was reproducible with intra-and inter-day variations of less than 3.91%. The mean recoveries of the analytes ranged from 95.7 to 104.6%. The proposed method was linear, accurate, precise and specific. The validated method was successfully applied to quantify the three alkaloids in various parts of Stephania rotunda and in tubers collected from different Cambodian regions. The results indicated that the developed HPLC method could be used for the quality control of S. rotunda.
Stephania rotunda Lour. (Menispermaceae) is a creeper growing in many countries of Asia and commonly found in the mountainous areas of Cambodia, especially on calcareous cliffs [1, 2] . In Cambodia, the tuber of S. rotunda is called 'Meum Koma Pich' by local residents and is widely used in traditional medicine, particularly for the treatment of fever, malaria, asthma and dysentery [3, 4] .
Phytochemical studies have reported the presence of about thirty alkaloids in various parts of S. rotunda [5] [6] [7] [8] [9] [10] [11] [12] , and pharmacological experiments have revealed that some of them were responsible for the antiplasmodial properties [13] [14] [15] . In our recent study, nine compounds were isolated from the tubers [one protoaporphine alkaloid (stepharine), three aporphine alkaloids (dehydroroemerine, roemerine and isocorydine), three tetrahydroprotoberberine alkaloids (tetrahydropalmatine, xylopinine and corydalmine), one benzyltetrahydroisoquinoline alkaloid (coclaurine), and one bisbenzylisoquinoline alkaloid (cepharanthine)] [16] . This work demonstrated the in vitro and in vivo pharmacological activity of extracts from the tuber, and confirmed that this was mostly due to the alkaloids, of which cepharanthine, tetrahydropalmatine and xylopinine were shown to have a significant antiplasmodial effect. Cepharanthine and tetrahydropalmatine were also found to exert diverse pharmacological effects [17] [18] [19] . Therefore, the quantification of these three bioactive alkaloids, selected as chemical markers, is necessary to evaluate the quality of S. rotunda. To our knowledge, only a few HPLC methods have been developed for the determination of either bisbenzylisoquinoline or tetrahydroprotoberberine alkaloids [20] [21] [22] [23] , but no analytical method has been reported for the simultaneous determination of cepharanthine, tetrahydropalmatine and xylopinine.
The aim of this study was the development and validation of an HPLC-DAD method for the analysis of cepharanthine (1), tetrahydropalmatine (2) and xylopinine (3) ( Figure 1 ) in S. rotunda tubers. The validated method was then used to determine the content of these alkaloids in different parts of the plant (tuber, roots, stem and leaves) and in tubers collected from different locations in Cambodia. For the development of an analytical method, various reversed phase columns, such as Symmetry C8 and C18, Zorbax Eclipse C8 and C18, and Lichrospher 60 RP-Select B were tested. The optimum separation for the three alkaloids was obtained with a Symmetry C8 column (250 mm x 4.6 mm, 5 µm). To obtain chromatograms with a good resolution between the three selected alkaloids, the effect of mobile phase composition was examined. In initial experiments, mixtures composed of 25 mM potassium phosphate buffer (pH 4.5) and acetonitrile in different ratios were tested as mobile phase. A small amount of either triethylamine (0.1%) or sodium heptanesulfonate was added to the aqueous layer of the mobile phase. However, these additions did not improve the peak shapes of the alkaloids. The mobile phase containing either triethylamine or sodium heptanesulfonate and acetonitrile induced longer retention times of the analytes. Decreasing the acetonitrile concentration in the mobile phase led to inadequate separation of the three selected peaks in the sample solution. A satisfactory separation was obtained with a mobile phase consisting of 25 mM potassium phosphate bufferacetonitrile in a ratio of 8:2, v/v. The effect of buffer pH on the chromatographic elution of the compounds is related closely to the degree of ionization. To verify this effect, the retention time of the three major alkaloids was compared when orthophosphoric acid, trifluoroacetic acid and acetic acid were added separately to the phosphate buffer solution with pH values in the range of 3.0-5.0. In fact, the retention time of all alkaloids increased when the pH of the buffer increased. A pH value of 3.5 was chosen for the optimal separation of the compounds. In these conditions, the analyte peaks were well defined with complete baseline resolution. The retention times of xylopinine, cepharanthine and tetrahydropalmatine were observed at 10, 13 and 17 min, respectively. The maximum absorbances of cepharanthine, tetrahydropalmatine and xylopinine were at 282, 282 and 284 nm, respectively. Measurements at 282 nm displayed sufficient sensitivity and a satisfactory chromatographic baseline.
In this study, quantification using an internal standard was used because the analyzed alkaloids are not commercially available. Several alkaloids, such as quinine, berberine, oxyacanthine, papaverine, cinchonidine, cinchonine and chelidonine were tested as internal standards. Of these, chelidonine was chosen because it is stable, commercially available and also displayed an appropriate chromatographic retention time. Chromatograms were obtained with complete baseline separation of chelidonine and the three selected alkaloids.
In the sample preparation, the UV spectra and retention times of the three selected alkaloids overlapped with those of each reference compound. However, the HPLC chromatogram recorded for the sample solution revealed no interference with cepharanthine, tetrahydropalmatine and xylopinine. This operation was piloted by ChemStation computer software. 
Compd
Regression equation
y=0.4902x+0.0342 0.9981 0.03-0.63 2 y=0.7720x-0.2597 0.9964 0.01-0.25 * y is alkaloid/internal standard peak area ratio, x is alkaloid/internal standard concentration ratio, a is the slope and b is the intercept of the regression line (n=18).
Linearity data are shown in Table 1 . Results for cepharanthine (1) and tetrahydropalmatine (2) standards were linear within the concentration ranges tested. The correlation coefficients were greater than 0.9964 for both components.
The limits of quantification were found to be 1.31 ± 0.09 and 2.53 ± 0.01 μg/mL for cepharanthine and tetrahydropalmatine, respectively. The reliable limits of detection of cepharanthine and tetrahydropalmatine standards were found to be 0.39 ± 0.03 and 0.75 ± 0.01 μg/mL, respectively.
The results of intra-and inter-day precision shown in Table 2 led to a satisfactory %RSD < 3.91%. As shown in Table 3 , the mean recoveries of the various analytes The concentrations of compounds 1-3 varied significantly between the different samples (Table 4 ). In the tuber sample from Battambang, the contents of cepharanthine, tetrahydropalmatine and xylopinine were determined as 1.29%, 0.80% and 0.37%, respectively, while in the stem, tetrahydropalmatine was not detected. The highest content of total alkaloids (2.46%) was found in the tuber, which is traditionally regarded as being the best raw material. In the roots, the content of total alkaloids (1.37%) is important and xylopinine represents the main alkaloid. In contrast, these three alkaloids were not found in the leaves of this plant. The contents of alkaloids 1-3 in tubers of S. rotunda collected from various regions were also studied and the results showed important qualitative and quantitative variations ( Table 4 ). In the tubers of Siem Reap, tetrahydropalmatine was the major compound, while xylopinine and cepharanthine were not detected. In contrast, the highest content of cepharanthine (1.90%) was found in the tuber from Pailin. The variations of alkaloid concentrations observed in the different samples may be due to the age of the plant, genetic variations and environmental factors. Influences from the environment, such as soil nutrients, humidity growing conditions, harvesting season and duration of storage, may be able to affect the chemical profiles of the plants.
On the basis of pharmacological studies, three main alkaloids (cepharanthine, tetrahydropalmatine and xylopinine) were selected as chemical markers for S. rotunda. A validated HPLC-DAD method for the determination of these alkaloids has been developed for the first time. The proposed method is simple, linear, accurate, precise and specific. In the present study, the optimal resolution of the selected alkaloids and the internal standard was achieved using a Symmetry C 8 column and an isocratic mobile phase composed of 25 mM phosphate buffer (pH 3.5, adjusted with phosphoric acid) -acetonitrile (8/2, v/v). This validation procedure confirmed that this technique afforded reliable analysis of these alkaloids in complex samples such as S. rotunda extracts. Finally, the developed method has been applied successfully to quantify the three bioactive alkaloids in different parts of the plant and tubers from various regions in Cambodia. Results showed that the content of these alkaloids in tubers was relatively higher than those in roots, stem and leaves. These results are in accordance with the use of tubers in traditional Cambodian medicine. The present investigation could be completed by pharmacological studies. It would be interesting to correlate the content of the three bioactive alkaloids in different samples with their antiplasmodial activity.
Experimental
Plant material: Different parts of Stephania rotunda (tuber, roots, stem and leaves) were collected in Battambang province, Cambodia, in August 2003. France) . Cepharanthine, tetrahydropalmatine and xylopinine were isolated and purified from the tuber of S. rotunda according to the procedure previously described [16] . The purity of cepharanthine, tetrahydropalmatine and xylopinine, determined by HPLC-DAD analysis, was not less than 99%.
Chromatographic equipment and conditions:
The HPLC system consisted of an Agilent Technologies Model 1100 liquid chromatograph, equipped with a vacuum degasser, a quaternary pump, an autosampler and a photodiode array detector (DAD). The system was piloted by ChemStation computer software. The chromatographic separation was achieved using a Symmetry C8 column (250 mm x 4.6 mm, 5 µm, Waters, Ireland) protected by a Symmetry C8 (20 x 3.9 mm, 5 µm) guard column. The mobile phase was a mixture of 25 mM potassium phosphate buffer adjusted with orthophosphoric acid to pH 3.5 and acetonitrile (8:2, v/v), under isocratic conditions. The mobile phase flow rate of 1.0 mL/min was found to be optimal for the analyses. The injection volume was 20 µL. All separations were performed at room temperature. The UV spectra were recorded in the detection range 200 -400 nm for all peaks. Quantification was carried out at a single wavelength of 282 nm.
Standard preparation:
Standard stock solutions of cepharanthine (1) and tetrahydropalmatine (2) were prepared separately in methanol to give a final concentration of 1.74 mg/mL and 0.70 mg/mL, respectively. For each compound, a series of working standard solutions (n=6) with gradient concentration was obtained by evaporating an appropriate volume of stock solution to dryness. To each residue, 0.10 mL of a methanolic solution of internal standard (chelidonine, 0.45 mg/mL) and 1.00 mL of mobile phase were added to obtain various concentration levels (0.03-0.63 mg/mL for alkaloid 1; 0.01-0.25 mg/mL for alkaloid 2). The final concentration of chelidonine in each standard solution was 0.04 mg/mL. All prepared standard solutions were filtered through a syringe filter (0.45 μm, Millipore) into an HPLC vial. The calibration curves (y=ax+b) were constructed by plotting the peak area ratio of alkaloid/internal standard (y) versus the corresponding concentration ratio of alkaloid/internal standard (x).
Sample preparation:
The sample preparation from plant material involved a lixiviation of a weighed amount of ground sample with dichloromethane at room temperature (25ºC). Ten g of the powdered raw materials were moistened with 15 mL of water acidified with hydrochloric acid (100/1, v/v) for 4 h and lixiviated with dichloromethane. The lixiviate was collected in a 100.0 mL volumetric flask. From this, 2.0 mL was removed and evaporated to dryness. A volume of 1.0 mL of internal standard solution was added to this residue. The solution was shaken in an ultrasonic bath for 1 min. before 10 mL of mobile phase was added. The sample was vortexed for 1 min and sonicated for 1 min, respectively. Then, 2.0 mL of each solution was filtered through a syringe filter (0.45 μm, Millipore) into an HPLC vial.
Validation and assay:
The method was validated on the dried tuber of S. rotunda (SRTb.CaBB.03.1), according to ICH guidelines [24] . Specificity was determined by comparing the UV spectrum and the retention time of each alkaloid (cepharanthine, tetrahydropalmatine and xylopinine) in the sample preparation and those of the reference compound.
The linearity of the HPLC method was evaluated by analyzing a series of 6 different concentrations of cepharanthine and tetrahydropalmatine standard solutions. Each concentration was assayed in triplicate.
Since the available amount of pure xylopinine was insufficient for conducting a linearity study, the content of xylopinine was calculated by using the linearity curve of tetrahydropalmatine. Both alkaloids are isomers belonging to the tetrahydroprotoberberine family.
The limits of detection (LOD) and quantification (LOQ) were considered to be the concentration that produced a signal-to-noise ratio of 3 and 10, respectively.
The precision of the method was evaluated with respect to both intra-and inter-day precision. Intra-day precision was calculated from the analyses of 6 sample solutions prepared independently on day 1, as described in a previous section (sample preparation). Inter-day precision was evaluated by repeating the same procedure on 2 other days. The standard deviation (SD) and the relative standard deviation (RSD) values were calculated for each day.
The accuracy of the analytical procedure was evaluated using the recovery test. This involved the spiking of known quantities of cepharanthine and tetrahydropalmatine standard solutions into the real samples. The standard solutions were prepared at 3 concentration levels (50, 100 and 150%). At each level, samples were analyzed in triplicate according to the previously described chromatographic conditions.
